The origin and life cycle of ocean islands have been debated since the early days of Geology. In the case of the Canary archipelago, its proximity to the Atlas orogen led to initial fracture-controlled models for island genesis, while later workers cited a Miocene-Quaternary east-west age-progression to support an underlying mantle-plume. The recent discovery of submarine Cretaceous volcanic rocks near the westernmost island of El Hierro now questions this systematic age-progression within the archipelago. If a mantle-plume is indeed responsible for the Canaries, the onshore volcanic age-progression should be complemented by progressively younger pre-island sedimentary strata towards the west, however, direct age constraints for the westernmost pre-island sediments are lacking. Here we report on new age data obtained from calcareous nannofossils in sedimentary xenoliths erupted during the 2011 El Hierro events, which date the sub-island sedimentary rocks to between late Cretaceous and Pliocene in age. This age-range includes substantially younger pre-volcanic sedimentary rocks than the Jurassic to Miocene strata known from the older eastern islands and now reinstate the mantle-plume hypothesis as the most plausible explanation for Canary volcanism. The recently discovered Cretaceous submarine volcanic rocks in the region are, in turn, part of an older, fracture-related tectonic episode.
dredged from the slopes of the southern ridge of El Hierro 23 , implying that the sedimentary relicts are pre-island in origin. These sedimentary xenoliths survived transport from depth due to efficient gas loss and rapid ascent (Appendix B), and now provide us with the first direct evidence of pre-volcanic El Hierro sedimentary strata.
After inspection of . 300 xeno-pumice specimens, 14 were selected for detailed study (Appendix A) and prepared for identification of their nannofossil content using optical petrographic microscopy. Calcareous nannofossils were recognized in 50% of the investigated sedimentary relicts and comprise mainly coccolithophores, which are one of the major open ocean phytoplankton groups. Coccolithophores secrete small calcite platelets, the coccoliths, which aggregate to form a calcareous shell (coccosphere) around a living cell. Their geological record extends back to the Upper Triassic and shows rapid evolutionary diversification, but also significant extinctions, making them a reliable stratigraphic biomarker 24 . For the purpose of this work, all identifiable parts of coccolith specimens were included in the count (Appendix C). Taxonomic identification of coccoliths followed established classification schemes 24, 25 . Most of the coccoliths in El Hierro sedimentary relicts reveal overgrowth and a degree of recrystallization, and the assemblage is overall poorly preserved. Nevertheless, a total of 13 distinct taxa were determined, reflecting a relatively low diversity, but several samples permitted identification to the genus and species level. Four of seven fossil-bearing samples share an age compatible assemblage comprising: Prediscosphaera sp., Prediscosphaera cretacea, Retecapsa sp., Retecapsa crenulata, Watznaueria sp., Watznaueria fossacincta, Watznaueria ovata, Watznaueria barnesiae, Watznaueria manivitiae, Bukrylithus ambiguus, Eiffellithus turriseiffelii, Eprolithus floralis, and Rhagodiscus asper. These taxa have a common temporal range in the Cenomanian and thus define the larger group of fossil-bearing sedimentary relicts as Upper Cretaceous in age. This age range is consistent with that of the . 8 km thick Jurassic to Miocene sedimentary successions under the eastern Canary Islands, known e.g., from the Fuerteventura basal complex and from the Deep Sea Drilling Project (DSDP) holes 41-369 and 47-397 to the southeast of Gran Canaria [8] [9] [10] 12 (Figure 1 ). Two of seven El Hierro samples, in turn, contain the distinct coccolith assemblage of Reticulofenestra spp., Umbilicosphaera sibogae, and Umbellosphaera tenuis exclusively, whose common temporal range is the Pliocene (Figure 2 ). A single sample, however, shows a mixed age assemblage that includes both Cretaceous and Pliocene species (4-EH-XP; Figure 2 ) and either represents sedimentary reworking or, more likely, physical mixing of sedimentary materials during interaction with magma in the conduit. Notably, no species younger than Maastrichtian are found in the purely Cretaceous samples (Figure 2 ), ruling out contamination from recent seafloor sediment or the water column during transport to the sea surface.
The older nannofossil assemblage therefore dates back to the mid Cretaceous (Albian/Cenomanian transition), with an absolute age of ,100 Ma ( Figure 2 ). The occurrence of Umbellosphaera tenius and Ubilicosphaera sibogae in the younger age group, in turn, suggest a Pliocene to Quaternary age for the youngest sedimentary rocks beneath El Hierro. Their association with Reticulofenestra spp. indi- www.nature.com/scientificreports cates a common Piacenzian age, as the latter group became extinct at the end of the Pliocene. This co-occurrence translates to an absolute age of ,2.5 Ma for the youngest fossil assemblage amongst the 2011 eruptive products. The apparent stratigraphic gap in the erupted sedimentary materials may indicate that an incomplete sedimentary or fossil record is present underneath El Hierro, which would not be surprising since the thickness of the sedimentary succession beneath the island is only # 1 km 15, 17, 18 . Given that magma migrated laterally along the level of the pre-island sediments just prior to the onset of the 2011 eruption 21 , it is also possible that lateral channel flow and associated sediment melting focussed in the central part of this # 1 km sedimentary package. Indeed, El Hierro xeno-pumice are for the most part fused (light coloured pumiceous glass, Appendix A), testifying to their propensity for rapid melting and assimilation into the hot magma. Assuming that lateral channel flow applies, the sedimentary units most likely to survive as relicts in xeno-pumice would be the oldest and youngest, i.e., the stratigraphically lowest and highest sediments in the sub-El Hierro sedimentary pile.
Remarkably, the youngest fossil age recovered (,2.5 Ma) is in agreement with previous estimates for the onset of shield-building at El Hierro, inferred to be Pliocene to Quaternary on the basis of seismic reflection data 17, 18, 22 , and thus represents indeed the youngest pre-island sediment age recorded for the entire Canary archipelago.
Although the onset of volcanic activity at oceanic islands commonly lacks constraints due to inaccessibility of the earliest eruptive products, the age of sedimentary strata under El Hierro now provides a critical proxy to assess the lifespan of the present El Hierro edifice. Taking the youngest fossil age from our nannofossil suite to represent the change from a sedimentary depositional to a volcanic environment that terminated regular marine sedimentation at , 2.5 Ma, and employing an estimated island volume of ,10,500 km 3 for the present El Hierro edifice, then a minimum mass eruption rate (magma flux) of $ 4.2 3 10 3 km 3 /Ma is derived (Appendix D). Established mass eruption rates for Canary shield volcanoes range from 4 to 9 3 10 3 km 3 (ref. 27) , and thus define the El Hierro estimate as typical for Canary volcanism.
The recent discovery of Early Cretaceous (Hauterivian; 133 Ma) submarine volcanic rocks at the El Hierro southern ridge 7 apparently disagrees with the age progression of the onshore volcanic rocks and implies a potentially much earlier onset of volcanic activity at El Hierro and in the archipelago as a whole. Our new data now document Cretaceous (,100 Ma) and Pliocene (,2.5 Ma) sedimentary strata in the basement beneath El Hierro island. Our findings negate the notion of a) continuous volcanic activity since the Cretaceous or b) a lasting geographic rise between ,100 Ma and ,2.5 Ma in the vicinity of El Hierro, because the presence of a large volcanic complex since the Cretaceous cannot be reconciled with extensive detrital deposition at this site at the same time, nor with a lack of volcanic minerals in the sedimentary relicts recovered during the early days of the 2011/2012 eruption. The El Hierro sedimentary xenoliths instead imply that the recently recovered Cretaceous submarine volcanic rocks belong to a separate and older volcanic episode in the region, probably together with the extinct Cretaceous Henry seamount (,126 Ma) situated ,40 km to the southeast of El Hierro 27 .
Indeed, considering the oldest available ages for the islands of the Canary and Madeira regions together with the magnetic ocean floor anomalies of the East-Central Atlantic (Figure 3) , it becomes apparent that the Cretaceous seamounts south of the Canaries show a marked alignment with the ocean floor magnetic anomalies 28 . The Canary and Madeira hot spot trends, in turn, show a curved age-progression from the oldest (.60 Ma) to the youngest islands (,1 Ma) within each archipelago and the two age patterns are moreover broadly parallel, thus mirroring the rotational movement of the African plate over the last ,60 Ma 4 . The Cretaceous seamount alignment is almost orthogonal to the curved Canary trend as are the magnetic ocean floor anomalies that derive from initial seafloor spreading during the opening of the Central Atlantic (e.g. M25). Notably, the internal distribution of the Cretaceous seamounts does not follow a clear age progression as observed in the Canary archipelago, but rather a seemingly random age distribution that is typical of fracture-controlled volcanism 29 . Our age data now resolve a ,30 Ma time window between the formation of the 133 Ma Cretaceous volcanic rocks southesast of El Hierro and the onset of subsequent sedimentation at ,100 Ma, and, moreover, a ,130 Ma window between Cretaceous volcanic activity and the onset of El Hierro volcanism (at #2.5 Ma). The Cretaceous seamounts, including the fragment recorded from the submarine part of El Hierro, are thus related to an earlier, probably fracture-controlled magmatic episode unrelated to the genesis of the Canary archipelago ( Figure 3 ). We suggest that the present-day El Hierro volcanism likely uplifted a block of Cretaceous volcanic rocks to the ocean floor in a process similar to the uplift event which gave rise to the now onshore exposed 'submarine' basal complexes of Fuerteventura and La Palma 9, 12, 30 .
Most importantly, however, the erupted El Hierro sedimentary relicts provide crucial support for an east-west age progression for the onset of volcanism in the Canary archipelago by demonstrating unequivocally that the youngest pre-island sediment is located beneath El Hierro. The fossil evidence from El Hierro therefore concludes the current debate on the origin of the Canary Islands and reinstates a mantle-plume as the most plausible cause of volcanism in the Canary Islands. 
